While the faithful transmission of genetic information requires a fidelity and stability of DNA that is involved in translation into proteins, it has become evident that a large part of noncoding DNA is organized in repeated sequences, which often exhibit a pronounced instability and dynamics. This applies both to longer repeated sequences, minisatellites (about 10-100 base pairs), and microsatellites (mostly 2-4 base pairs). Although these satellite DNAs are abundantly distributed in all kinds of organisms, no clear function has been discerned for them. However, extension of trinucleotide microsatellite sequences has been associated with several severe human disorders, such as Fragile X syndrome and Huntington's disease. Rare alleles of a minisatellite sequence have been reported to be associated with the ras oncogene leading to an increased risk for several human cancers. A dynamic behavior of repeated DNA sequences also applies to telomeres, constituting the ends of the chromosomes. Repeated DNA sequences protect the chromosome ends from losing coding sequences at cell divisions. The telomeres are maintained by the enzyme telomerase. Somatic cells, however, lose telomerase function and gradually die. Cancer cells have activated telomerase and therefore they acquire immortality. Environ Health Perspect 105(Suppl 4):781-789 (1997) 
Introduction
Since around 1970 our concept of DNA has undergone a pronounced modification in two respects: the stability of DNA and the organization of the genetic material in living organisms. Previously DNA was considered a highly stable entity, which was subjected only to alterations through rare mutational events. This notion was supported by experimental evidence in the 1950s, which showed that DNA replication proceeds with an extremely low frequency of errors. The stability and precision of the genetic system were manifested by the formulation of the "Central Dogma," which holds that the flow of information in the cells proceeds from DNA to RNA and from RNA to proteins.
In the 1970s it was found that DNA was far more dynamic than anticipated and that the central dogma was not invariably correct. The detection of reverse transcriptase showed that RNA could be transcribed to DNA; this had important consequences for many cellular processes, such as the insertion of mobile elements, the foundation of pseudogenes from mRNA, and retroviral replication.
The other area of DNA research, for which the last two decades have provided a fundamentally new concept of DNA, concerns the organization of the genetic material in higher organisms. The vast majority of DNA-about 97% in human DNAdoes not give rise to any proteins. The functioning of all this DNA has been obscure from the beginning and it was named "selfish DNA" by Orgel and Crick (1) . Other names, such as junk DNA, parasite DNA, and extra DNA illustrate the confusion about the functioning of this DNA. Some organisms have a remarkably high amount of DNA. Thus amphibians can have up to 20 times more DNA than man (1) . The reason for this spectacular variation in DNA content between organisms is still obscure.
Some of the noncoding DNA occurs as intrones, which are spliced away before translation, but most of it is organized as repeated sequences, which somewhat constitute "biological dynamite," in the sense that they are apt to exhibit a high degree of instability and thus are responsible for much of the instability of DNA mentioned above.
Research in more recent years on repeated sequences of DNA has given an insight into the behavior and biological consequences of changes in these units. Alterations, particularly of microsatellites, have been shown to be connected with several severe human disorders. Although it appears that these repeated sequences do not provide any obvious benefit to the organism, the fact that their alteration can have severe effects nevertheless indicates some kind of a function behind the occurrence of these seemingly nonsense DNA sequences. In the present report an attempt will be made to summarize current knowledge of mini-and microsatellites as well as some other repeated sequences of DNA. Major Types of Repeated DNA Sequences Amplification of DNA is not restricted to noncoding sequences; many coding genes are also amplified or can go through such a process. Amplification of nuclear oncogenes, leading to an increase of their expression, is connected with the induction of cancer. In many cases an amplification of genes constitutes a defense mechanism for detoxication of exogenous agents, i.e., amplification of metallothioneins against heavy metals and the amplification up to 1000 times of the dehydrofolate gene giving resistance to methotrexate (2) . In Drosophila, a specific amplification controlling element is responsible for the amplification of corion genes during the early development stages of the embryo.
The ribosomal DNA in the proximal heterochromatin of Drosophila occurs as a highly amplified gene, and the optimal number of genes is gradually restored in case of a deletion of a part of the heterochromatin.
Concerning shorter and mostly noncoding repeats of DNA, which are the main subject of this presentation, we can recognize two classes-minisatellites: up to 100 bp, but mostly about 9 to (3, 4) . The number of minisatellite loci in the human genome has been estimated to be 1500 per haploid genome (5, 6) . Many of these loci exhibit an extreme polymorphism due to variation in the number of repeats, called variable number of tandem repeats (VNTR). The background of this genetic variability is a mutation rate that can exceed 10% per gamete (7). Jeffreys et al. (3) detected and developed DNA probes that are able to simultaneously detect large numbers of hypervariable minisatellite loci. Hybridization to digested and electrophoresed DNA with these core sequences at low stringency detects a pattern of fragments that is unique for unrelated individuals. These properties of minisatellites provide the background for the "fingerprint analyses" (8) (9) . This has enabled a measurement of changes in the number of repeats and also the occurrence, frequency and location of point mutations along the sequence of repeats in a single allele. This development has been important to the study of the mechanism for genetic changes of these repeated sequences and the genetic instability involved.
The minisatellites of the human genome are not evenly distributed but are primarily localized at the ends of the chromosomes, which implies a limitation in the use of these sequences in linkage analyses (10) . This subtelomeric localization of the human minisatellites is correlated with a high density of chiasmata during meiosis, indicating an association with meiotic crossing over (11, 12) . The human X chromosome has few minisatellites, but there is a cluster of minisatellites in the X-Y pairing region (13) . Clusters of minisatellites at the ends of the chromosomes do not apply for the mouse genome (14) .
Techniques of Typing MinisateUlites. As (21) . Soon after the disclosure of the highly variable minisatellites by Jeffreys and co-workers in humans, investigations by Burke (24) . The rarer alleles are three times more common in cancer patients than in controls and these alleles are associated with multiple forms of cancer. The data indicate that they contribute to 1 of 11 cases of cancer (25) . The odds ratio for the association between the rare HRAS1 minisatellite alleles and cancer were, according to Krontiris et al. (26) , as shown in Table 1 .
Concerning the mechanism behind the association between the HRASI minisatellites and cancer two possibilities have been discussed (25, 26) . The rare alleles may exhibit a linkage with a potential disease (26) . locus and these alleles would then just be markers for the risk of cancer. Considering the fact that the high-risk alleles derive from all the four common alleles and presumably from many ancestral chromosomes, this hypothesis is not likely. An alternative hypothesis is based on the finding that the HRASI minisatellite binds to the reINF-icB family of transcriptional regulatory factors (27, 28 (25) . It is more likely that the variation of minisatellites sometimes produces products that interact with transcriptional factors and that, as long as the effect on transcription keeps within a narrow range, it will not be strongly selected against (25) . Conclusions. The wide occurrence of highly variable minisatellite sequences has provided indispensable tools in genetic linkage analyses, forensic medicine, paternity determination and population ecology. Also, it can be foreseen that the use of minisatellites and other repeated DNA sequences will play an even more essential role in the future, both in research and for various practical applications.The reliability of the fingerprinting of minisatellites for legal purposes has been the subject of discussion and some controversy. However, the application of new PCR techniques, improved control of the laboratory procedures, and more experience with minisatellite patterns in subpopulations can be expected to remove many of the problems under discussion. The occurrence of pathogenic minisatellites has given another dimension to this field of research. The HRASI minisatellite seems to be of major importance in the cancer panorama-at least 50,000 cases of cancer a year can be expected to depend on the rare alleles of this minisatellite (26) . Another important finding is the connection between a minisatellite linked with the insulin locus INS and type I diabetes. A minisatellite linked to the enhancer of the immunoglobulin gene IGH is a third potentially important case. In all these cases, the effect of the minisatellites seems to occur through binding to transcription factors.
Mirsatdlites
Ocurrence. Microsatellites are repetitive sequences of mostly 2 to 4 nucleotides with a widespread occurrence particularly in multicellular organisms. In the human genome, dinucleotide repeats occur on average every 30,000 bp and somewhat less frequently for the more complex units (32) . These repeats therefore constitute a significant part of human DNA. (33) . To counteract the accumulation of dispersed homologous microsatellite sequences, these sequences are subjected to a high mutation rate through "repeat-induced point mutations" (RIP). All repeated sequences above 1 kilobase in Neurospora show signs of "RIPping." The primary functf.n of RIP is to protect the organism not 1y against "parasite DNA" but also aga viruses and transposons (33). Althou ;-seems that higher organisms are less .sitive to these repeated sequences, the1s are reasons to believe that a similar protective device is operating also (below). At our present state of knowledge it is difficult to visualize any positive biological function at least for most microsatellites and it thus seems that they constitute true "parasite" or "selfish" DNA in the sense outlined by Orgel and Crick (1) .
Although there are principal differences between micro-and minisatellites, the borderline between them is arbitrarily set on the bases of the length of the repeat units. From an evolutionary point of view, it is likely that minisatellites can be generated from microsatellites. Two (37) . Furthermore, there is a connection between replication slippage and DNA repair, as is indicated by mutations in DNA repair, giving rise to increased instab ilty. In Saccharomyces, mutations in mismatch repair genes increased replication slippage 100 to 700 times in poly-(GT) repeats (38) .
Infrequently, huge length increases occur, resulting in the extreme instability of the long alleles group above. This sudden increase in trinucleotide repeat length, which causes several human diseases, must involve some mechanism other than replication slippage. In cell culture 1000-fold amplification has been observed for the dihydrofolate reductase gene (39) . This drastic amplification involves an episomal mechanism. The gene is excised and copied, presumably by a rolling circle process, and reintegrated into nonhomologous chromosomal sites. This mechanism, however, is not the likely one to explain the amplification of trinucleotide repeats. Unlike the case with the episomal mechanism, the amplification of trinucleotides never involves surrounding DNA and it always occurs in situ. A model to explain the expansion of trinucleotides (32) takes into consideration the difficulty in replicating CG-rich sequences by polymerases (36) . It is possible that replication of these repeats gives rise to premature termination and reinitiation events, generating multiple incomplete strands. Extensive (33) .
Another form of RIPping has been described by Rand (40) (42, 43) . The gene in chromosome 2, responsible for the genetic instability of HNPCC tumors, was homologous to the mismatch repair gene MutS in E. coli and MSH2 in yeast (44, 45 Table 3 . Diseases associated with trinucleotide reiteratior compatible with normal development and not sufficient for tumor development. On the other hand, instability of microsatellites is also generated by mechanisms other than deficient mismatch repair genes-for example, deficiency in exonuclease (48) . Several cancer forms have been found to be associated with microsatellite instability; these include gastric, pancreatic endometrial, Barrett's esophageal, and lung cancer (49) .
Association ofMicrosatellites with Human Diseases. The previous section dealt with microsatellite instability in connection with DNA repair deficiency and the association of this instability with cancer. This association between microsatellite instability and the disease is not a causal one, but presumably a common result of the lack of mismatch repair of DNA. However microsatellites have attracted a great deal of attention in recent years because of a direct connection between expanded arrays of CGrich trinucleotides and several human neurological diseases. Table 3 shows five diseases of trinucleotide reiteration that have been characterized (50) .
The microsatellite sequence in these diseases are linked to a coding gene, which is affected by the expansion of the trinucleotide sequence. These cases of microsatellite-dependent disease represent two classes. Fragile X and myotonic dystrophy have their trinucleotide sequence linked to the noncoding ends of the gene, while in the three diseases with CAG expansion, coding for polyglutamine, the microsatellite is located within the coding part of the gene. An initial increase of the trinucleotide sequence functions as a premutational event. Above a critical number of repeats, the system becomes unstable and usually more sequences are added, eventually resulting in symptoms. Another characteristic of these diseases is the fact that the symptoms tend to be more severe in subsequent generations because of amplification during gametogenesis or in the zygote, a process named genetic anticipation. This anticipation is sex linked and inter alia (51) . Although the instability of the trinocleotide repeats depends on the length of the sequence, the length at which an instability of the microsatellite begins to occur varies between 35 (53) . An increased nucleosome binding of such expanding repeats, leading to a transcriptional repression, has been proposed as a mechanism (53) . It has further been shown that the increased nucleosome binding exerts an effect on the post-transcriptional processing of the transcript from expanded alleles but not on the initiation of the transcription (54) . The threshold for the symptoms of myotonic dystrophy of 146 bp corresponds with the DNA length for a nucleosome (53) .
Huntington's disease is an autosomal neurodegenerative disorder that depends on an expansion of CAG tandem repeats, giving rise to polyglutamin. This microsatellite is located within the coding region of the Huntington's disease gene, HD or IT15, which codes for the protein huntingtin. Although the disease is dependent on the stretch of CAG repeats, the instability giving rise to an expansion of the polyglutamine array seems to be influenced by another trinucleotide repeat of CCG downstream of the CAG repeat, coding for proline (55) . Huntington's disease usually has a late onset, but with increasing expansion of the trinucleotide repeats, due to "anticipation" through male gametes, the symptoms become more severe and onset earlier in subsequent generations. The function of huntingtin is not known and its expression is similar in patients and controls. The length expansion makes the protein not merely useless, but actively harmful by a gain of function. Zeitlin et al. (56) showed that huntingtin is indispensable, as null mutation of the huntingtin gene in mice caused death of the embryo. The data on mice further suggested that huntingtin is involved in counterbalancing programmed cell death, apoptosis (56) . Reports by Li et al. (57) Spinal and bulbar muscular atrophy, Kennedy's disease, is an X-linked disease and the only polyglutamine-dependent neurological disorder for which the function of the protein involved is known. It constitutes the androgen receptor (AR), which is a ligand-activated transcription factor. The AR contains, in the coding region, the polyglutamine tract by CAG repeats. As in the other microsatellitedependent diseases, the severity of the disease is correlated with the expansion of the microsatellite. Chamberlain et al. (58) showed that progressive expansion of the polyglutamine tract in human AR caused a linear decrease in the binding of the receptor to androgen and a decrease in activating transcription of AR-responsive genes. However, the data indicated that there was a threshold, as the expansion of the trinucleotides did not completely eliminate AR activity, and that the residual activity was sufficient to develop male primary and secondary sex characteristics.
Inactivation Mechanisms by Polyglutamine. Many 
Telomeres
The ends of the chromosomes in most organisms consist of a tandem array of simple DNA sequences, constituting the telomeres [Zakian (63) presents a recent review]. This arrangement of the chromosome ends is dictated by the fact that the DNA polymerase cannot reproduce both DNA strands to the ends without losing the tip sequence of one of the strands. Therefore the tip of the chromosomes is organized with noncoding repeated sequences, which can be lost without losing coding DNA [Ligner et al. (64) present a recent overview]. The telomeres can be replaced by a protein-RNA enzyme, telomerase. Most telomeric repeat sequences are short, usually 5 to 8 bp, in mammals TTAGGG. Drosophila has an exceptional telomere structure without the short conservative repeats of the telomeres of most other organisms (65) . Instead, Drosophila has one or more elements like long interspersed elements (LINE) mobile elements, and the replacement of the telomeres occurs by transposition of the telomere sequence to the chromosome ends. Proximal to the LINE sequences in Drosophila there is a sequence of tandem repeats, which probably are analogous to the subterminal middle repetitive regions, telomere-associated (TA) DNA, in other eukaryotes. The array of TA can expand or contract by means of a recombination mechanism. The composition of telomererepeated sequences varies considerably among organisms, and evidently the telomere function does not require a specific DNA sequence. The DNA strand, which runs from 5' to 3' towards the end, has regularly more G residues, arranged in clusters, than the other strand. At least in ciliated protozoans, such as Tetrahymena and Oxytrichia, and in yeast the G strand is extended to form a single-strand G tail. The G strand can form non-Watson-Crick base pairing structures, such as fourstranded helices and multiple G-G base pairs. It is possible that this property is essential for the bouquet stage, formed by the telomeres during meiosis.
The function of the telomeres is to protect the ends of the chromosomes, not only from losing genetic material at each cell division, but also to prevent the ends from fusing with each other. As was shown by McClintock (66) , broken chromosome ends fuse with each other, forming dicentric bridges and a breakage-fusion-bridge cycle. Because of the loss of DNA at the chromosome ends the telomeres have to be replicated in another way than the rest of the chromosomes. This replication is acquired by telomerase, which has a unique composition of protein and an RNA component. The protein part consists of two subunits in Tetrahymena (67) . The replication of the telomere occurs by means of reverse transcriptase from the RNA component. In Drosophila this replication is performed through transposition of the telomere sequence (above). In humans most somatic tissues lose their telomerase activity and consequently the chromosome ends will shorten at each cell division, leading to the eventual death of the cell. This has led to the hypothesis that the telomere length functions as a biological clock, resulting in a programmed cell death after a certain number of cell divisions (68) . In actual measurement of the telomerase activity in normal and immortal cancer cells telomerase activity was invariably repressed in normal somatic cells but was reactivated in various cancer cells (69) . The important observation that the immortality of malignant cells is associated with telomerase activity has led to speculation that the telomere might constitute a target for cancer therapy. Similar speculations can also be applied concerning prevention of aging by reactivation of telomerase activity.
